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Abstract: 12 
Catalytic decomposition is a very attractive way to convert tar components 13 
into H2, CO and other useful chemicals. The performance of Fe3Ni8/PG (palygorskite, 14 
PG) reduced in hydrogen at different temperatures for the catalytic decomposition of 15 
benzene has been assessed. Benzene was used as the model biomass tar. The effects of 16 
calcination atmosphere, temperatures and benzene concentration on catalytic cracking 17 
of benzene were measured. The results of XRD (X-Ray Diffraction), TEM 18 
(Transmission Electron Microscope), TPR (Temperature Program Reduction), TPSR 19 
(Temperature Program Surface Reduction), TC (Total Carbon), the reactivity 20 
component and reaction mechanism over Fe3Ni8/PG for catalytic cracking of benzene 21 
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are discussed. The results showed particles of awaruite (Fe,Ni) about 2-30 nm were 22 
found on the surface of palygorskite by TEM when the calcination temperature was  23 
600 oC. Particles with size smaller than 30nm were obtained on all prepared 24 
Fe3Ni8/PG catalysts as shown by XRD The nanoparticles proved to be the reactive 25 
component for catalytic cracking of benzene and the increase of active particle size 26 
caused the decrease in the reactivity of Fe3Ni8/PG. Fe3Ni8/PG annealed in hydrogen 27 
at 600oC. High concentration of benzene (448g/m3) accelerated the formation of 28 
carbon deposition. However, iron oxide decreases carbon deposition and increases the 29 
stability of catalyst for catalytic cracking of benzene.  The application of Fe3Ni8/PG 30 
catalysts supported upon palygorskite proved a very effective catalyst for the catalytic 31 
cracking of benzene.  32 
 33 
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1. Introduction 39 
Biomass gasification offers the potential for producing fuel gas that can be used for 40 
power generation or synthesis gas applications. Pyrolysis of biomass has several 41 
environmental advantages over fossil fuels: namely lower emission of CO2 and other 42 
greenhouse gases (Devi et al., 2003). However, one of the major issues in biomass 43 
gasification is how to reduce the tar concentration during or after the pyrolysis 44 
process. Biomass tar restricts the development and application of biomass gasification 45 
technologies. Biomass tar causes several problems in downstream production. 46 
Therefore, making catalytic hot gas cleaning is a necessary step in most gasification 47 
applications. Several ways were studied for the decrease in biomass tar, but catalytic 48 
decomposition appears to offer the most attractive mechanism to convert tar 49 
components into H2, CO and other useful chemicals.  50 
 51 
Catalytic decomposition is one of the most promising techniques for 52 
destroying tar components (Oliveres et al., 1997; Rapagna et al., 1998; Corella et al., 53 
2002; Delagado et al., 1997). Catalytic cracking of tar is generally carried out at high 54 
temperatures (500-900oC) using olivine, dolomite, limestone, metal oxide, Ni-based 55 
catalysts, Rh/Pt/Pd-based catalysts, and others (Virginie et al., 2010; Wang et al., 56 
2011; Zhao et al., 2010; Noichi et al., 2010). The catalytic activity of olivine was 57 
investigated via steam reforming reaction of naphthalene as a model biomass tar 58 
compound (Devi et al., 2005a; Devi et al., 2005b). Steam reforming of tar from a 59 
biomass gasification process over Ni/olivine catalyst using toluene as a model 60 
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compound and the method of preparation on catalytic cracking of biomass tar were 61 
studied by Wierczynski (Wierczynski et al., 2007) and Kuhn (Kuhn et al., 2008). 62 
Myren (Myren et al., 2002) investigated the catalytic effects of dolomite and silica on 63 
biomass tar decomposition. Results proved that when pure silica is placed in a layer 64 
above the dolomite, considerably less naphthalene and total light tar remains after 65 
cracking.  66 
 67 
Calcined limestone and dolomite were tested for their usefulness in cleaning hot raw 68 
gases (Corella et al., 2008). Nickel-based catalyst which was doped with WO3 as a 69 
sulfur-resistant promoter, was investigated using an artificial gas mixture containing 70 
naphthalene (Sato and Fujimoto, 2007). The steam reforming of naphthalene over a 71 
nickel-dolomite catalyst was investigated by Wang (Wang et al., 2005). Nishikawa et 72 
al. investigated the effect of Ni, Pt, Mg on catalytic cracking of biomass tar over 73 
CeO2-Al2O3 and the effect of Rh on catalytic decomposition of biomass tar over 74 
CeO2-SiO2 (Nishikawa et al., 2008a; Nishikawa et al., 2008b; Nakamura et al., 2009; 75 
Miyazawa et al., 2006; Kimura et al., 2006; Miyazawa et al., 2005). Reshetenko et al. 76 
reported the effect of Fe, Co, Ni on catalytic destruction of biomass tar over Al2O3 77 
(Reshetenko et al., 2004a; Reshetenko et al., 2004b).    78 
 79 
In addition to, Asadullaha et al. (Asadullaha et al., 2004) reported that almost all 80 
carbon in the biomass was converted into gaseous products using Rh/CeO2/SiO2 81 
catalysts and the deactivation of the catalyst caused by carbon or char deposition on 82 
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the catalyst surface was not severe. On the other hand, Rh/CeO2/SiO2 catalysts had 83 
some disadvantages due to the high cost of Rh and the limited availability of this 84 
metal. In general, nickel-based catalysts showed high catalytic activity for  the 85 
removal of tar and proved very efficient. Therefore, some selected additives were 86 
used to improve the reactivity for catalytic cracking of biomass tar (Liu et al., 2010).  87 
 88 
In recent years, palygorskite was studied as a sorbent or catalysts carrier due to its 89 
special pore structure and high specific surface area by many researchers (Atong et al., 90 
2011; Bouna et al., 2011; Fan et al., 2011; He et al., 2011a; He et al., 2011b; Wu et al., 91 
2011; Xi et al., 2010; Zhang et al., 2011). The effect of different additives on Ni6/PG 92 
was investigated for catalytic cracking of biomass tar by our research group. The 93 
result showed that Ni6/PG modified by Fe displayed the best reactivity for catalytic 94 
cracking of biomass tar (Liu et al., 2010). In this paper, the performance of 95 
Fe3Ni8/PG reduced in hydrogen at different temperatures for the catalytic 96 
decomposition of benzene used as the model biomass tar was investigated. Meanwhile, 97 
the effect of calcination atmosphere and benzene concentration on catalytic cracking 98 
of benzene was also studied. By combining the results of XRD, TEM, TPR, TPSR, 99 
TC, the reactivity component and reaction mechanism are discussed in the paper. 100 
 101 
2. Experiment 102 
2.1 Catalysts preparation 103 
Benzene was purchased from Hubei province, China, as an analytical purity and used 104 
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without purification.  105 
 106 
Palygorskite clay (PG) was sampled from Crown Hill, Mingguang city, Anhui 107 
province, China. Its particle size was less than 0.074 mm after extrusion and crushing. 108 
The chemical composition of PG is measured as SiO2 65.52 wt%, Al2O3 5.36 wt%, 109 
MgO 13.93 wt%, Fe2O3 3.19 wt%, FeO 0.42 wt%.  The surface area of the PG was 110 
determined by BET methods as 228.5m2/g, using a Shimadzu XRF-1800 with Rh 111 
radiation. 112 
 113 
Palygorskite-supported Ni and Fe catalyst (Fe3Ni8/PG, 3, 8 denotes the loading 114 
content of Fe and Ni in weight percent) was prepared by co-precipitation. In the study, 115 
Fe(NO3)3·9H2O was chosen as the additive precursor. For the catalyst test, all the 116 
catalysts were palletized, crushed and sieved to 0.85~0.425mm, followed by 117 
calcination in air or hydrogen  in a flow rate of 80 ml·min-1 at different temperatures 118 
and held for 2h. 119 
 120 
2.2 Catalysts test 121 
Benzene, which is a tar component and is hard to degrade, is used for the experiments 122 
reported in this paper. Fig. 1 shows the schematic diagram of a lab-scale catalytic 123 
cracking of a model biomass tar system. The setup consists of three kinds of 124 
operations a) sample injection system including benzene and carrier gas, b) reaction 125 
and collection system and c) analysis system. The reactor is a straight quartz tube (id. 126 
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12mm width and 550mm body length) and the catalyst bed is supported by means of 127 
quartz wool. Firstly, 0.5g catalyst was used to fill the quartz reactor. Then, the reactor 128 
is placed in an electronically controlled furnace and the temperature increased to the 129 
desired level. The temperature of the reactor is measured using a K-type thermocouple 130 
located on the quartz filter supporting the catalyst. Meanwhile, inert atmosphere 131 
nitrogen is used to carry air out of the reactor with a flow rate of nitrogen 100 132 
mL·min-1, Nitrogen was also used to carry different benzene concentrations into the 133 
reaction tube by releasing benzene. Secondly, when the reaction temperature increases 134 
to the desired level, benzene is released into the reaction system by a switching piston 135 
using nitrogen. In the process of catalytic cracking of benzene, the reaction products 136 
pass through an ice bath. Finally, the permanent gases are detected by gas 137 
chromatography GC-7890T equipped with a C2000 column and a thermal 138 
conductivity detector (TCD) with argon as carrier gas to measure H2. The column 139 
temperature, evaporation chamber temperature, the temperature and bridge current of 140 
detector are 70oC, 120oC, 100oC, 100mA, respectively. Hydrogen yield is calculated 141 
using the following formula. MH-out and MH-in represent the mass of hydrogen after 142 
reaction and hydrogen element in benzene, respectively. After the reaction, the 143 
catalysts were cooled down in inert atmosphere to room temperature for further 144 
characterization. 145 
 Hydrogen yield = %100
M
M 


inH
outH  146 
In this study, 220 and 448 g/Nm3 of benzene, over 2-5 times as much as the 147 
amount of tar emitted from a biomass gasification plant, are applied. The same 148 
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experimental conditions are nitrogen flow rate 100mL/min, catalyst weight 0.5g, 149 
reaction temperature 600oC. Variable parameters include calcination atmosphere, 150 
calcination temperature and benzene concentration.  151 
 152 
2.3. Catalyst characterization 153 
X-ray diffraction (XRD, D/MAX2500VL/PC) measurements were performed 154 
on a Rigaku powder diffractometer with Cu K radiation. The tube voltage is 40 kV, 155 
and the current, 100 mA. The XRD diffraction patterns are taken in the range of 5-70° 156 
at a scan speed of 4°min-1, which was used for identifying nickel and iron oxides as 157 
well as their oxidation states on the surface of the palygorskite. Phase identification is 158 
carried out by comparison using a database  159 
 160 
H2-temperature programmed reduction (TPR) measurements are performed 161 
on calcined samples under 5 % flowing H2 diluted with Ar using a temperature 162 
programmed electric oven to investigate the nickel and iron oxide phases after 163 
calcination. A 60ml·min-1 feed of 5 % H2/Ar is used for reduction and the temperature 164 
is ramped at 10oC min-1 to 850oC. The effluent gases from the reactor are conducted 165 
to flow directly into the mass spectrograph (MS, Hiden QIC-20), which measures the 166 
consumption of H2. 167 
 168 
TEM measurements were made using a JEOL 2010 microscope with an 169 
energy dispersive X-ray (EDS) facility. A small amount of sample is suspended in 170 
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ethanol using an ultrasonic bath to get rid of agglomeration. A drop of this suspension 171 
is deposited onto a carbon coated copper grid. Images of the microstructure and the 172 
relevant selected area electron diffraction patterns are acquired using an analytical 173 
electron microscope. 174 
 175 
Total carbon (TC) measurement was performed using a Jena Mutil N/C 2100 176 
TOC/TN analyzer to determine the amount of total carbon deposition on the catalyst. 177 
A 2Lmin-1feed of O2 is used to convert carbon into carbon dioxide when the 178 
temperature is controlled at 1000oC. 179 
 180 
3. Results and discussion 181 
3.1 Characterization  182 
3.1.1XRD 183 
The XRD patterns of PG, Fe3Ni8/PG calcinated in air at 600oC, Fe3Ni8/PG 184 
reduced in hydrogen at different temperatures (600, 650, 700, 750oC) are shown in 185 
Fig. 2. It is well-known that diffraction peaks at 2θ = 8.44o, 13.68o, 16.37o, 19.74o, 186 
27.52o, 35.27o and 2θ=20.76o, 26.67o corresponding with palygorskite and quartz, 187 
respectively. The diffraction peaks of PG decrease when Fe3Ni8/PG calcinated at 188 
different temperatures, however, the diffraction peaks of quartz increase with 189 
increasing calcination temperatures. The peaks at 2θ = 43.92o, 51.17o and 30.84o, 190 
36.19o are identified as awaruite (Fe-Ni) and hercynite ((Fe0.868Al0.132) 191 
(Al1.868Fe0.132)O4). The four XRD peaks increase with increasing reduction 192 
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temperature, especially the later two peaks. What is more important, the diffraction 193 
angle of the later two peaks decreases with increasing reduction temperature, which is 194 
attributed to the increase of iron because the reduction temperature of iron oxide is 195 
higher than nickel oxide and the atomic radius of iron is larger than nickel. 196 
 197 
   In addition, the peaks at 2θ=27.68o and 29.56o, 35.25o, 56.54o, 62.21o are 198 
found in Fe3Ni8/PG reduced in hydrogen at 750oC, which are identified as pyroxene 199 
(MgSiO3) and magnetite (Fe2.932O4), respectively. The appearance of pyroxene and the 200 
increase of magnetite should be ascribed to the amorphization and dissociation of PG 201 
at high temperature.  202 
 203 
Only hercynite is observed over Fe3Ni8/PG calcinated in air. However, no 204 
nickel oxide is found over Fe3Ni8/PG, which is attributed to the high dispersion of 205 
nickel and iron oxide solid solution because awaruite is found over Fe3Ni8/PG 206 
calcinated in hydrogen.                  207 
 208 
3.1.2 H2-TPR 209 
The H2-TPR of PG, Fe6Ni6/PG, NiO, Fe2O3 is shown in Fig. 3. There is one 210 
peak (at 230oC) found by the TPR profile of NiO, which is ascribed to the conversion 211 
of NiO to Ni. There are two peaks (at 250oC and 520oC) can be observed by the TPR 212 
profile of Fe2O3, which should be attributed to the conversion of Fe(Ⅲ) to Fe(Ⅱ) and 213 
Fe(Ⅱ) to Fe(0). Based on the profiles of PG and Fe2O3, the two peaks of PG should 214 
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be identified as the conversion of Fe(Ⅲ) to Fe(Ⅱ) and Fe(Ⅱ) to Fe(0) (Reshetenko et 215 
al., 2004), respectively. The reduction temperature of nickel oxide and iron oxide 216 
increases over Fe3Ni8/PG according to the profiles of Fig. 3, attributed to the 217 
interaction between metal oxide and PG. The consumption of hydrogen (at 470oC) 218 
should be ascribed the conversion of Fe(Ⅱ) to Fe(0), derived from iron oxide and 219 
solid solution of nickel and iron. Awaruite (Fe-Ni) is observed over Fe3Ni8/PG 220 
reduced at different temperatures for 2h according the results of XRD.    221 
 222 
3.1.3 TEM and EDS 223 
Fig. 4 shows the TEM and EDS of PG and Fe8Ni3/PG reduced in hydrogen at 600oC 224 
for 2h. Many small particles can be observed on PG after the addition of iron and 225 
nickel, as is demonstrated by the results of corresponding EDS. PG and Fe8Ni3/PG 226 
are composed of Si, O, Mg, Al, Fe and O, Si, Ni, Mg, Fe, respectively. Based on the 227 
change of the intensity of O and Si, it is proposed that metal oxide was not reduced 228 
completely at 600oC, in agreement with the results of XRD and H2-TPR. In addition, 229 
the particle size increases from 2nm to 30nm with increasing reduction temperature.  230 
 231 
3.2 Effect of reaction temperature on catalytic cracking of benzene over Fe3Ni8/PG 232 
and SiO2 233 
The effect of reaction temperature on catalytic cracking of benzene over Fe3Ni8/PG 234 
reduced in hydrogen at 700oC for 2h is presented in Fig. 5. Meanwhile, the catalytic 235 
performance of Fe3Ni8/PG is compared with SiO2, which is regarded as a 236 
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non-reactive material. It is observed that hydrogen product increases sharply when the 237 
reaction temperature increases to 598oC. The hydrogen concentration decreases by a 238 
small amount with increasing reaction time. Additionally, this figure shows that 239 
catalytic performance of Fe3Ni8/PG for catalytic cracking of benzene is significantly 240 
better than SiO2. Therefore, the reaction temperature is chosen as 600oC and this 241 
temperature is used in the following experiments.   242 
 243 
3.3 Effect of calcination atmosphere on catalytic cracking of benzene over Fe3Ni8/PG 244 
The effect of different calcination atmospheres on catalytic cracking of benzene at 245 
600oC over Fe3Ni8/PG at 600oC for 2h is shown in Fig. 6. The hydrogen yield 246 
increases to 40% 1h after reaction, and is attributed to the consumption of hydrogen 247 
by metal oxide. The hydrogen yield then decreases sharply to 22% at 80min after 248 
reaction over Fe3Ni8/PG calcinated, and is attributed to the formation of carbon 249 
deposit on Fe3Ni8/PG. The hydrogen yield increases slowly to 7.6 % after 2h reaction, 250 
which is attributed to the gradual increase of reactivity of Fe3Ni8/PG reduced in-situ 251 
by hydrogen. However, the hydrogen yield over Fe3Ni8/PG calcinated in hydrogen is 252 
higher than Fe3Ni8/PG calcinated in air. The result shows that hercynite is not the 253 
reactive component for catalytic decomposition of benzene. In contrast, awaruite 254 
(Fe-Ni) is regarded as the reactive component for catalytic degradation of benzene 255 
due to the appearance of awaruite (Fe-Ni) and the hydrogen yield increases 256 
significantly over Fe3Ni8/PG.   257 
 258 
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3.4 Effect of benzene concentration on catalytic cracking of benzene over Fe3Ni8/PG 259 
The hydrogen yield of different benzene concentrations is shown in Fig. 7 as a 260 
function of reaction time over Fe3Ni8/PG reduced at 600oC for 2h. The hydrogen 261 
yield increases and then decreases over Fe3Ni8/PG reduced at 600oC for the two 262 
benzene concentrations. However, the hydrogen yield decreases sharply after 1h 263 
reaction under the condition of high benzene concentration (448 g/m3) due to the 264 
decrease of catalyst activity, which is attributed to the rapid formation of carbon on 265 
the surface of PG.  266 
 267 
3.5 Effect of reduction temperature on catalytic cracking of benzene over Fe3Ni8/PG  268 
The effect of reduction temperature on catalytic cracking of benzene over Fe3Ni8/PG 269 
reduced at different temperature is presented in Fig. 8. For the four kinds of reduction 270 
temperature, hydrogen yield increases first and then decreases with increasing 271 
reaction time. In addition, Fe3Ni8/PG reduced at 600oC has the higher catalytic 272 
performance, compared with other three kinds of catalysts. However, it is can be 273 
found from Fig. 8 that the more the reduction temperature of Fe3Ni8/PG catalyst is, 274 
the more stable the catalytic performance is. Based on the XRD patterns, the decrease 275 
of Fe3Ni8/PG catalytic activity should be ascribed to the reduction of active sites due 276 
to the increase of active particles with increasing reduction temperature. The average 277 
particle size of Fe3Ni8/PG reduced at 600, 650, 700, 750 oC is 14.1, 14.5, 14.5, 22nm, 278 
respectively, as calculated by Scherrer formula (Patterson, 1939). Therefore, awaruite 279 
(Fe-Ni) should be the reactivity component for catalytic decomposition of benzene 280 
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and large active particles decrease the reactivity.  281 
 282 
3.6 Carbon deposit of catalytic cracking of benzene over Fe3Ni8/PG 283 
The carbon deposition of catalysts after reaction is shown in Fig. 9. It is observed that 284 
the carbon deposition is 2.5% over Fe3Ni8/PG calcinated in air. In contrast, the 285 
carbon deposition comes to 20.2, 31.2% over Fe3Ni8/PG reduced in hydrogen, when 286 
the benzene concentration is 220, 448g/Nm3. However, the carbon deposition over 287 
Fe3Ni8/PG reduced at 650, 700, 750oC is only 6.1, 6.5, 8.7%, which is significantly 288 
lower than the carbon deposition over Fe3Ni8/PG reduced at 600oC (31.2%). Based 289 
on the research results of Wang (Wang et al., 2011), the carbon deposit should be 290 
oxidised into carbon monoxide or/and carbon dioxide. That is to say, reaction 291 
products of catalytic cracking of benzene over Fe3Ni8/PG main contain hydrogen, 292 
carbon, carbon monoxide or/and carbon dioxide. If benzene is catalyzed completely, it 293 
will be converted into carbon and hydrogen. As a matter of fact, the higher hydrogen 294 
yield is, the more carbon deposition is (Figs. 6, 7, 8, 9). Therefore, combined with the 295 
results of Fig. 6, XRD and TPR, it can be concluded that awaruite is the reactive 296 
component for catalytic cracking of benzene. In addition, magnetite or/and hercynite 297 
play a crucial role in decreasing carbon deposition and holding the stability of 298 
catalysts from the results of Fig. 8, Fig. 9, XRD and TPR. The formation of carbon 299 
deposition decreases the reactive sites, which decreases the catalytic reactivity. 300 
However, carbon can react with oxygen derived from magnetite or/and hercynite, 301 
which decreases the carbon deposition and maintains the reactivity.  302 
 15 
 
 303 
4. Conclusions  304 
The following conclusions can be obtained from the above experiments: 305 
(1) Fe3Ni8/PG with high dispersion, small particle size (2-30nm or so) and high 306 
reaction activity for catalytic cracking of benzene can be prepared by 307 
co-precipitation when Fe3Ni8/PG is reduced in hydrogen at 600oC. Intermediate 308 
formation of awaruite (Fe-Ni) takes place during preparation of bimetallic 309 
systems at the stage of reduction of their precursors. More iron oxide is formed 310 
at high reduction temperature results from the destruction of PG structure. 311 
Palygorskite can be used as carrier for supporting these active components. 312 
(2) Awaruite (Fe-Ni) plays an important role in catalytic cracking of benzene. 313 
Fe3Ni8/PG calcinated in hydrogen at 600oC have the best reactivity for catalytic 314 
cracking of benzene. However, the increase of active particles size decreases the 315 
reactivity of Fe3Ni8/PG. In addition, the formation of iron oxide decreases 316 
carbon deposition and increases the stability of catalyst for catalytic cracking of 317 
benzene. How to reduce the carbon deposit will be investigated in the future by 318 
the addition of carbon dioxide and/or steam and/or additives. 319 
    320 
Acknowledgements 321 
This study was financially supported by Natural Science Foundation of China (No. 322 
50774027), Hi-tech Research and Development Program of China (no. 323 
2007AA06Z118). The authors greatly appreciate the financial support. 324 
325 
 16 
 
References 326 
Asadullaha, M., Miyazawab, T., Itob, S., Kunimorib, K., Koyamac, S., Tomishigeb, 327 
K., 2004. A comparison of Rh/CeO2/SiO2 catalysts with steam reforming 328 
catalysts, dolomite and inert materials as bed materials in low throughput 329 
fluidized bed gasification systems.  Biomass Bioenergy 26, 269-279.  330 
Atong, D., Pechyen, C., Aht-Ong D., Sricharoenchaikul V., 2011. Synthetic olivine 331 
supported nickel catalysts for gasification of glycerol. Appl. Clay Sci. 53, 332 
244-253. 333 
Bouna, L., Rhouta, B., Amjoud, M., Maury, F., Lafont, M.C., Jada, A., Senocq, F., 334 
Daoudi, L., 2011. Synthesis, characterization and photocatalytic activity of 335 
TiO2 supported natural palygorskite microfibers. Appl. Clay Sci. 52, 301-311. 336 
Corella, J., Toledo, J.M., Aznar, M.P., 2002. Improving the modeling of the kinetics of 337 
the catalytic tar elimination in biomass gasification. Ind. Eng. Chem. Res. 41, 338 
3351-3356. 339 
Corella, J., Toledo, J.M., Molina, G., 2008. Performance of CaO and MgO for the hot 340 
gas clean up in gasification of a chlorine-containing (RDF) feedstock. 341 
Bioresour. Technol. 16, 7539-7544. 342 
Delagado, J., Aznar, M.P., Corella, J., 1997. Biomass gasification with steam in 343 
fluidized bed: effectiveness of CaO, MgO and CaO-MgO for hot gas cleaning. 344 
Ind. Eng. Chem. Res. 36, 1535-1543.    345 
Devi, L., Craje, M., Thune, P., Ptasinski, K.J., Janssen, F.J.J.G., 2005. Olivine as tar 346 
removal catalyst for biomass gasifiers: Catalyst Characterization. Appl. Catal., 347 
 17 
 
A., 294, 68-79.  348 
Devi, L., Ptasinski, K.J., Janssen, F.J.J.G., 2003. Review of the primary measures for 349 
tar elimination in biomass gasification processes. Biomass Bioenergy 24, 350 
125-140. 351 
Devi, L., Ptasinski, K.J., Janssen, F.J.J.G., 2005. Pretreated olivine as tar removal 352 
catalyst for biomass gasifiers: investigation using naphthalene as model 353 
biomass tar. Fuel Process. Technol. 86, 707-730. 354 
Fan, Q.H, Li, Z., Zhao, H.G., Jia, Z.H., Xu, J.Z., Wu, W.S., 2009. Adsorption of Pb(II) 355 
on palygorskite from aqueous solution: Effects of pH, ionic strength and 356 
temperature. Appl. Clay Sci. 45, 111-116. 357 
He, M.Y., Zhu, Y., Yang, Y., Han, B.P., Zhang, Y.M., 2011. Adsorption of cobalt(II) 358 
ions from aqueous solutions by palygorskite. Appl. Clay Sci. 54, 292-296. 359 
He, X., Tang, A.D., Yang, H.M., Ouyang, J., 2011. Synthesis and catalytic activity of 360 
doped TiO2-palygorskite composites. Appl. Clay Sci. 53, 80-84. 361 
Kimura, T., Miyazawa, T., Nishikawa, J., Kado, S., Okumura, K., Miyao, T., Naito, S., 362 
Kunimori, K., Tomishige, K., 2006. Development of Ni catalysts for tar 363 
removal by steam gasification of biomass. Appl. Catal., B 68, 160-170. 364 
Kuhn, J.N., Zhao, Z.K., Senefeld-Naber, A., Felix, L.G., Slimane, R.B., Choi, C.W., 365 
Ozkan, U.S., 2008. Ni-olivine catalysts prepared by thermal impregnation: 366 
Structure, steam reforming activity, and stability. Appl. Catal., A. 341, 43-49. 367 
Liu, H.B., Chen, T.H., Zhang, X.L., Li, J.H., Chang, D.Y., Song, L., 2010. Effect of 368 
Additives on Catalytic Cracking of Biomass Gasification Tar over a 369 
 18 
 
Nickel-Based. Chin. J. Catal. 31, 409-414. 370 
Miyazawa, T., Kimura, T., Nishikawa, J., Kado, S., Kunimori, K., Tomishige, K., 371 
2006. Catalytic performance of supported Ni catalysts in partial oxidation and 372 
steam reforming of tar derived from the pyrolysis of wood biomass. Catal. 373 
Today. 115, 254-262. 374 
Miyazawa, T., Kimura, T., Nishikawa, J., Kunimori, K., Tomishige, K., 2005. 375 
Catalytic properties of Rh/CeO2/SiO2 for synthesis gas production from 376 
biomass by catalytic partial oxidation of tar. Sci. Technol. Adv. Mater. 6, 377 
604-614. 378 
Myren, C., Hornell, C., Bjornbom, E., Sjostrom, K., 2002. Catalytic tar decomposition 379 
of biomass pyrolysis gas with a combination of dolomite and silica. Biomass 380 
Bioenergy. 23, 217-227. 381 
Nakamura, K., Miyazawa, T., Sakurai, T., Miyao, T., Naito, S., Begum, N., Kunimori, 382 
K., Tomishige, K., 2009. Promoting effect of MgO addition to 383 
Pt/Ni/CeO2/Al2O3 in the steam gasification of biomass. Appl. Catal., B, 86, 384 
36-44.  385 
Nishikawa, J., Miyazawa, T., Nakamura, K., Asadullah, M., Kunimori, K., Tomishige, 386 
K., 2008. Promoting effect of Pt addition to Ni/CeO2/Al2O3 catalyst for steam 387 
gasification of biomass. Catal. Commun. 9, 195-201. 388 
Nishikawa, J., Nakamura, K., Asadullah, M., Miyazawa, T., Kunimori, K., Tomishige, 389 
K., 2008. Catalytic performance of Ni/CeO2/Al2O3 modified with noble 390 
metals in steam gasification of biomass. Catal. Today. 131, 146-155. 391 
 19 
 
Noichi, H., Uddin, A., Sasaoka, E., 2010. Steam reforming of naphthalene as model 392 
biomass tar over iron-aluminum and iron-zirconium oxide catalyst catalysts. 393 
Fuel Process. Technol.  91, 1609-1616. 394 
Oliveres, A., Aznar, M.P., Cabballero, M.A., Gil, J., Frances, E., Corella, J., 1997. 395 
Biomass gasification: produced gas upgrading by in-bed use of dolomite. Ind. 396 
Eng. Chem. Res. 36, 5220-5226. 397 
Patterson, A.L., 1939. The Scherrer formula for X-ray particle size determination. 398 
Physical Review, 56, 978-982. 399 
Rapagna, S., Jand, N., Foscolo, P.U., 1998. Catalytic gasification of biomass to 400 
produce hydrogen rich gas. Int. Hydrogen Energ. 7, 551-557. 401 
Reshetenko, T.V., Avdeeva, L.B., Ushakov, V.A., Moroz, E.M., Shmakov, A.N., 402 
Kriventsov, V.V., Kochubey, D.I., Pavlyukhin, Yu.T., Chuvilin, A.L., 403 
Ismagilov, Z.R., 2004. Coprecipitated iron-containing catalysts (Fe-Al2O3, 404 
Fe-Co-Al2O3, Fe-Ni-Al2O3) for methane decomposition at moderate 405 
temperatures Part II. Evolution of the catalysts in reaction. Appl. Catal., A. 406 
270, 87-99. 407 
Reshetenko, T.V., Avdeeva, L.B., Khassin, A.A., Kustova, G.N., Ushakov, V.A., 408 
Moroz, E.M., Shmakov, A.N., Kriventsov, V.V., Kochubey, D.I., Pavlyukhin, 409 
Yu.T., Chuvilin, A.L., Ismagilov, Z.R., 2004. Coprecipitated iron-containing 410 
catalysts (Fe-Al2O3, Fe-Co-Al2O3, Fe-Ni-Al2O3) for methane decomposition 411 
at moderate temperatures I. Genesis of calcined and reduced catalysts. Appl. 412 
Catal., A., 268, 127-138. 413 
 20 
 
Sato, K., Fujimoto, K., 2007. Development of new nickel based catalyst for tar 414 
reforming with superior resistance to sulfur poisoning and coking in biomass 415 
gasification. Catal. Communi. 8, 1697-1701. 416 
Virginie, M., Courson, C., Niznansky, D., Chaoui, N., Kiennemann, A., 2010. 417 
Characterization and reactivity in toluene reforming of a Fe/olivine catalyst 418 
designed for gas cleanup in biomass gasification. Appl. Catal., B. 101, 419 
90-100. 420 
Wang, L., Li, D.L., Koike, M., Koso, S., Nakagawa, Y., Xu, Y., Tomishige, K., 2011.  421 
Catalytic performance and characterization of Ni-Fe catalysts for the steam 422 
reforming of tar from biomass pyrolysis to synthesis gas.Appl. Catal., A. 392, 423 
248-255. 424 
Wang, T.J., Chang, J., Wu, C.Z., Fu, Y., Chen, Y., 2005. The steam reforming of 425 
naphthalene over a nickel-dolomite cracking catalyst. Biomass Bioenergy. 28, 426 
508-514. 427 
Wierczynski, D. S., Libs, S., Courson, C., Kiennemann, A., 2007. Steam reforming of 428 
tar from a biomass gasification process over Ni/olivine catalyst using toluene 429 
as a model compound. Appl. Catal., B 74, 211-222. 430 
Wu, X.P., Zhu, W.Y., Zhang, X.L., Chen, T.H., Frost, R.L., 2011. Catalytic deposition 431 
of nanocarbon onto palygorskite and its adsorption of phenol. Appl. Clay Sci. 432 
52, 400-406. 433 
Xi, Y.F., Mallavarapu, M., Naidu, R., 2010. Adsorption of the herbicide 2,4-D on 434 
organo-palygorskite. Appl. Clay Sci. 49, 255-261. 435 
 21 
 
Zhang, L.L., Liu, J.Q., Tang, C., Lv, J.S., Zhong, H., Zhao, Y.J., Wang, X., 2011. 436 
Palygorskite and SnO2-TiO2 for the photodegradation of phenol. Appl. Clay 437 
Sci. 51, 68-73. 438 
Zhao, B.F., Zhang, X.D., Chen, L., Qu, R.B., Meng, G.F., Yi, X.L., Sun, L., 2010. 439 
Steam reforming of toluene as model compound of biomass pyrolysis tar for 440 
hydrogen. Biomass bioenergy. 34, 140-144. 441 
